Abstract
Introduction
For future wireless communication systems we see an important trend towards more flexible and wideband applications (multimedia) and towards higher carrier frequencies. A good example of these trends is the upcoming standards for high-bandwidth wireless local area networks (WLAN) in the 5-6 GHz band. Designing analog front-ends for these future wireless applications is quite challenging. Next to the high operating frequency, critical aspects are the wide bandwidth, large dynamic range and (especially for multicarrier systems) a good linearity. For wireless/portable applications low power consumption as well as a high level of integration to reduce size and weight are of course also essential. In the next section the prospects and limitations of a single-chip approach are discussed. In Section 3 we present a singlepackage approach with a thin-film MCM interconnection technology (MCM-D). This technology offers many possibilities for the realization of passive components, either realized in the available interconnect layers, or with micromachining. Section 4 illustrates how active and passive components can be co-designed in order to obtain RF blocks with a high performance or a low power consumption.
Single-chip integrated telecom systems?
Traditionally radio front-ends have been based on the superheterodyne architecture that makes use of one or more intermediate frequencies (IF) with image-reject bandpass filters on every IF. On the lowest IF frequency typically a high-Q analog bandpass filter is required for channel selection. The superheterodyne transceiver has a good performance but it is not suited for a high level of integration, mainly because of the different high-Q analog bandpass filters, which are typically implemented as discrete LC, ceramic or SAW filters. On the other hand, a high degree of integration is helpful to obtain high-performance systems with small sizes and weight, in conjunction with a low power consumption. At first sight, the "Holy Grail" for the realization of a telecom transceiver front-end is a single-chip solution that even combines the RF front-end with the DSP core of the transceiver. In the latter case, the most economical technology would be standard digital CMOS. During the last few years a lot of research has been focused on this single-chip CMOS route for RF transceivers. Several trends and developments have indeed led to more integrated transceivers: Evolution of CMOS technologies allowing Si RF designIn the majority of today's RF front-end implementations most active components are realized in GaAs (e.g. LNA, power amplifier, mixer, antenna switch,…) [1] or silicon bipolar technologies (e.g. frequency synthesizer, mixer,…) [2] [3] [4] and very often as individually packaged components. In commercial products the use of CMOS technologies is limited to the IF and baseband sections. In recent years a lot of research has been devoted towards single-chip CMOS transceivers [5] [6] [7] [8] [9] . But there are still several problems that could prevent singlechip integration of complete RF front-ends in the future:
• A number of front-end blocks are (and will most likely remain) impossible to integrate in CMOS, e.g. high-Q RF and IF bandpass filters or antenna switches.
• For some blocks there is an important performance penalty associated with standard digital CMOS compared to a GaAs or Si bipolar implementation. Depending on the application-specific requirements some of these blocks will have to be kept off-chip and implemented in GaAs, such as very low-noise LNAs (with NF around 1dB) and power amplifiers with output power of several Watts. Sometimes [4, 10] a power pre-amplifier is integrated on-chip, but the actual power amplifier (PA) is off-chip. Another problem that may prevent the integration of the PA is the interference of the very large signals at the output of the PA with the weak signals in the receiver front-end.
• The maximum allowable supply voltage decreases with CMOS technology scaling. As a result, analog front-end blocks realized in deep submicron digital CMOS technologies suffer from smaller dynamic ranges, which may not be allowable in future digital telecom applications. Mixed-signal ICs -The rationale behind the research in CMOS RF design is the perspective of future single-chip integration of the RF front-end with the digital baseband processing circuits in deep submicron technologies. Here are also several problems that could prevent single-chip integration of mixed analog (RF)-digital transceivers:
• In single-chip solutions of mixed-signal front-ends the signal-to-noise ratio of the analog blocks can degrade due to coupling between different functional blocks, especially the coupling via the substrate and the power lines from the digital parts to the analog blocks. This noise-coupling problem becomes even worse in deep submicron technologies with supply voltage scaling, since this will reduce the analog dynamic range even further.
• Analog circuits and especially RF circuits typically have a lower yield than digital circuits due to inevitable parametric variations. Single-chip integration will therefore reduce the yield of the overall system. On-chip inductors -In the last few years [11] [12] there has been a trend in silicon RF design to use on-chip inductors. Integrating inductors would allow to eliminate a large part of the discrete passives used in many commercial RF front-end implementations. Some problems associated with on-chip inductors are:
• The quality factor of on-chip inductors is very low compared to discrete inductors. Unloaded Q's of on-chip inductors are typically not higher than 5. By using several metal layers in parallel or by using thick metal layers, Q's of around 10 will probably be feasible in the frequency range of interest 5-6 GHz. By using even more advanced technological solutions (low-k dielectrics, Cu metallization) Q's of about 20 are predicted in future deep submicron CMOS processes, but this seems to be an upper limit in the frequency range of interest for standard CMOS technologies [12] . High inductor Q's are important in a number of RF blocks, because they are directly related to block performance and power consumption. For example, phase noise of a VCO is inversely proportional to the square of the Q of the LC tank [13] and directly proportional to the amplifier noise figure. The Q of the tank is limited by the component with the lowest Q, which is most often the inductor. Given that increasing the operating power can often reduce noise figure, we can say that power and inductor Q can be traded to achieve a given phase noise specification. High Q's are e.g. also important to obtain a low noise figure in LNAs.
• The area of inductors and of passive components in general in RF circuits is very large. For example, in the 2.4 GHz WLAN front-end described in [14] , the passive components (mainly inductors) consume about 60% of the chip area.
Since the cost per square millimeter of deep-submicron silicon processes is increasing rapidly with technology scaling and the size of inductors does not scale, the cost of these integrated inductors will become more and more important in fully integrated RF front-ends. New architectures -Alternatives for the superheterodyne front-end architecture have been explored recently, to allow higher levels of front-end integration by eliminating high-Q discrete IF bandpass filters: zero-IF [10, 15] , low-IF [5] , wideband IF double conversion [7] architectures, .... These architectures have a number of features in common, e.g. the use of quadrature (up-) downconversion and channel selection filtering at (near-) baseband frequencies, which can be integrated in CMOS using analog or even digital signal processing. Some problems related to these new architectures are:
• The signal-to-noise ratio (SNR) performance of these architectures based on quadrature conversion is lower than for the traditional superheterodyne architectures. The mirror signal suppression is limited by the imperfect quadrature generation at RF frequencies and mismatches in the inphase (I) and quadrature (Q) signals to about 30-40 dB. However, for most digital telecom applications this limitation does not present a problem (e.g. in GSM a SNR of 10 dB is required) and very often the receiver SNR is limited by other effects, e.g. phase noise, distortion, adjacentchannel interference, etc.
• A discrete RF antenna bandpass filter in the receiver (a blocking filter) as well as in the transmitter (to limit out-ofband spurious emissions) are still required.
Some of the problems mentioned above could probably be solved (at least partially) by further (planned) developments in deep submicron CMOS technologies or by going to specialized, non-standard (expensive) technology options:
• Antenna switches could possibly be implemented in silicon by going to SOI technologies.
• Very high-performance, high-frequency RF blocks could be implemented in silicon by going to SiGe BiCMOS technologies.
• The voltage scaling problem can be alleviated by going to BiCMOS technologies, where the bipolar devices can typically stand higher supply voltages. Other solutions in CMOS technologies are: triple-well technology, low-V T devices.
• The substrate coupling problem between analog and digital circuits could be alleviated by going to triple-well technology, deep trench isolation, SOI, SOS,… • Using thicker metal layers, Cu metallization or low-k dielectrics can increase on-chip inductor Q's. The above arguments indicate that a fully integrated singlechip transceiver in a digital deep submicron CMOS technology is probably not feasible in the foreseeable future. A single-chip solution in some expensive specialized (silicon) process could be more feasible but will it also make economical sense? These specialized processes are typically one or more generations behind standard digital CMOS. It is doubtful that these processes will be cost effective for single-chip integration, when large digital circuits have to be integrated -and especially when the lower yield of the overall system is taken into account. Therefore, we will probably end up with (at least) two chips: the digital part (possibly also containing some low-frequency analog circuits and AD/DA converters) will be implemented on a separate chip in standard CMOS technology 1 . The question that remains then is: is a single-chip RF front-end feasible and/or cost effective? The likely answer is that even when we only consider the RF part, single-chip solutions are not feasible nor cost effective (for high-end applications such as WLAN in the 5-6 GHz band):
• Even with very advanced (but not too exotic) processes (e.g. BiCMOS with SiGe bipolar devices) not all RF functionality can be integrated. Antenna switches require insulating substrates. High-Q or even moderate-Q RF bandpass filters cannot be integrated for the same reason. For high output power combined with high operating frequency, the power amplifier will remain a difficult to integrate block in the future.
• Predicted maximum inductor Q's of 20 (with Cu metallization and low-k dielectrics) are not high enough to meet the demanding phase noise specifications of some digital telecom applications in a power-efficient way compared to offchip inductors.
• Typically, the expensive chip area occupied by integrated passives (especially inductors) is larger than the chip area used by active devices. Moreover, the size of these passives will not scale with technology. They will scale however a little bit with increasing frequencies, but their size is still considerable in the 5-6 GHz band. Therefore it would make economical sense to try to remove these passives from the chip and implement them in a cheaper technology.
3. "Single-package" integration An alternative implementation of integrated systems is the use of a thin film multichip module technology (MCM-D) [17] [18] [19] to interconnect multiple chips. With this technology a number of RF components, each implemented in the most suitable IC technology, can be assembled in a relatively simple and economical way. Fig. 1 shows the architecture of the MCM-D technology developed at IMEC [17] . It consists of alternating layers of a dielectric with ε r = 2.7 and copper conductors stacked on a high resistivity silicon, a borosilicate based glass or a low loss ceramic carrier substrate. An essential aspect of this technology is that good-quality and relatively cheap passives (resistors, capacitors, inductors, filters) can be implemented directly in the MCM substrate. The use of these MCM passives leads to cheaper and more compact realizations than with discrete devices. It is also a cheaper and higher-quality alternative for on-chip passives.
Inductors with values between 1 and 40 nH and Q's up to 50 (depending on inductance value) can be realized, as well as capacitors up to 1nF/mm 2 (Ta 2 O 5 ). When flip-chip technology is used for mounting the different devices on the MCM substrate, the advantages of MCM technology are even more obvious since flip-chip interconnections have much smaller parasitics than bonding wires. The advantages of the use of MCM technology for system integration compared to more traditional technologies (PCB, LTCC,…) are:
• smaller dimensions and weight, especially with integrated passives and flip-chip mounting • the use of thin film technology yields high precision components, very good manufacturability and repeatability of complex RF structures • it is a maturing technology There are also a number of advantages compared to a singlechip solution:
• Higher performance for RF functions that benefit from high-Q inductors.
• A clever partitioning of the system into its subsystems, each realized in the most suitable technology, will lead to lower cost, increase of manufacturing yield and optimal performance.
• There is no coupling between different components through the common substrate.
• Different supply voltage levels can easily be used.
• The MCM technology also opens a perspective for singlepackage mixed analog-digital integrated systems. It allows to have low-cost digital and high-performance analog in the same package, thereby retaining a high level of system integration as well as offering a good combination of cost, performance and functionality. Two of the perhaps most important advantages of RF-MCMs have not been discussed yet:
• Next to the implementation of individual high-quality passives, the MCM technology can also be used to implement RF functions, such as RF bandpass filters, matching networks, baluns, power splitters/combiners, etc. or even antennas. Fig. 2 depicts an integrated 1 GHz MCM-D highpass filter [17] . • MCM technology provides the possibility to implement/integrate Micro Electro-Mechanical Systems (MEMS) which can yield cost-effective implementations of some RF functions. As a first example, Fig. 3 depicts the principle schematic of a micromechanical RF switch [20] : a suspended membrane can be moved under influence of an electrostastic force. Such switch has a better isolation compared to a GaAs switch. Further, this switch is extremely linear and it has a low insertion loss. Another interesting component that can be fabricated with micromachining is a variable capacitor. In [21] such variable capacitor is described with a tuning range of 16% over a 5.5V range of applied bias, with capacitance values of about 2.2pF and a Q of 62 at 1GHz. This is a higher quality factor than can be obtained with on-chip varactors, which are realized as inversely biased diodes. The features and limitations of other MEMS components such as different types of high-Q resonators, are discussed in [20] .
Chip-package co-design
Single-package integration of RF components on an MCM substrate is the subject of a lot of recent research and is finding its way into commercial products. In Fig.4 the functionality of the RF part of a Hiperlan radio developed by Mitel is schematically shown [22] . A photograph of the MCM module itself is shown in Fig.5 . Its size is 13mm by 13mm. The MCM module consists of GaAs MMICs, silicon chips, switches and MCM filters and transmission lines The chips were mounted with wire bonding. The design of RF front-ends requires a good knowledge of the features and limitations of different IC technologies and of interconnection technologies. Hence, it is really essential to "co-design" the chips and the package. With such co-design the design of the MCM-D passives can be tuned to the design of the active on-chip components. For example, the value of the characteristic impedances as well as the terminal impedances of bandpass filters could be chosen different from 50Ω if this leads to a higher performance of the active blocks. MCM passive components or MEMS devices can also be used within the active front-end blocks, such as an inductor in a LNA or a varactor in a VCO. This results into extra bonding pads and solder bumps between the flip-chip mounted components and the MCM substrate. By a careful design of the bonding pads their parasitic capacitance can be reduced to an amount that the circuit performance in the 5-6 GHz band is not significantly degraded. The trade-offs between on-chip and MCM implementation of passive components can be illustrated with the simulations on a 4.8 GHz VCO (see Fig. 6 ) in a 0.35µm BiCMOS technology.
For the inductors L1 and L2 both an on-chip and a MCM version are considered. The on-chip inductor has been modeled by a lumped π network [23] , the elements of which have been determined with measurements. The MCM inductor is modeled by a lumped network as well as described in [17] Both the bonding pads and the flip-chip solder bumps have been modeled for this case. The capacitors C1 and C2 are either modeled as an on-chip p+ to n-well diode with an estimated Q of 17, or as capacitor in series with a resistor such that the combination has a quality factor of 40. The second case, although it is a fixed capacitor, represents a high-quality capacitor with a Q that becomes comparable to that of a MEMS varactor. The simulated phase noise and the output power for several of these options are given in Table 2 . -93.6 -3.4 Table 2 : simulation results for the VCO of Fig. 7 with several options for the components of the LC tank.
The quality factor of the on-chip inductors is 5.5, whereas it is about 30 for an MCM-D inductor. By optimizing the layout of the latter inductor, a quality factor of 40 is possible. We see that the increase in performance between the version with the on-chip inductor and the version with the MCM inductor is significant. Further, the performance does not improve much anymore when quality of C1 and C2 is improved from 17 to 40. The reason is that the quality factor of the LC tank is limited again by the inductors. When the Q of the inductors would be increased to 40, then the change from 17 to 40 for the Q of the capacitor would give rise to a larger increase of the performance. The use of a MEMS varactor here would only make sense if such high Q can be obtained in conjunction with a large tuning range for the oscillation frequency, in the range of 20%.
Other examples of co-design of active on-chip components with off-chip passive MCM-D-type components have already been reported. For example, in [25] a VCO is presented with an MCM inductor. In this way, a low phase noise is obtained (-142dBc/Hz at 10MHz offset from a 1018 MHz center frequency), in conjunction with a high accuracy on the center frequency and a smaller volume than if a PCB mounted resonator would be used. Also for RF blocks other than a VCO one can expect a performance improvement or a lower power consumption for the same performance.
For example, for a low-noise amplifier a figure of merit (FOM) can be defined as FOM=S 21 /(NF x P dc ). Fig. 7 depicts a low-noise amplifier. In [12] this circuit has been designed for 5.8 GHz in a 0.5µm SiGe-BiCMOS process. If the quality factor of the inductors is increased from 4.5 (corresponding to an on-chip implementation) to 45 (which can be obtained with MCM inductors), then FOM increases with more than a factor two. In order to come to an efficient single-package system design, however, some problems still need to be solved. For example, circuits that use off-chip passive components are more difficult to test than single-chip circuits. Another problem is the accurate simulation of on-chip components in conjunction with MCM components or MEMS. This would require a coupling of a circuit-level simulator (which is quite efficient in terms of CPU time) with a threedimensional solver for the Maxwell equations (with CPU times in the order of magnitude of days).
Conclusions
A single-package approach has been proposed for wireless transceivers. Such package contains different ASICs that are interconnected with an MCM-D technology. In this technology high-quality passive components and MEMS can be directly integrated. Several examples have shown a considerable increase in performance when some critical passive components of the RF front-ends are directly realized in the MCM substrate, rather than on chip. Conversely, a reduction of the power consumption can be obtained for the same performance. The "single-package" integrated system design, proposed here as an alternative for single-chip integration, is not incompatible with the expected future improvement of CMOS. It is not a temporary solution that will become obsolete with predicted CMOS technology scaling. Instead, these singlepackage transceivers will only benefit from the evolution in RF CMOS design and the development of new front-end architectures: the resulting single-package solutions will only become more dense and cheaper. There will be fewer devices mounted on the MCM substrate, but the cost and performance gain by implementing the large passives in the MCM substrate instead of on-chip will remain. Moreover, a number of RF components will not be integrated on-chip, e.g. RF filters, antenna switch etc.
